Grafting-induced variations have been observed in many plant species, but the heritability of variation in progeny is not well understood. In our study, adventitious shoots from the C cell lineage of shoot apical meristem (SAM) grafting chimera TCC (where the origin of the outmost, middle and innermost cell layers, respectively, of SAM is designated by 'T' for tuber mustard and 'C' for red cabbage) were induced and identified as r-CCC (r = regenerated). To investigate the maintenance of grafting variations during cell propagation and regeneration, different generations of asexual progeny (r-CCCn, n = generation) were established through successive regeneration of axillary shoots from r-CCC. The fourth generation of r-CCC (r-CCC4) was selected to perform whole genome bisulfite sequencing for comparative analysis of hetero-grafting-induced global methylation changes relative to r-s-CCC4 (s = self-grafting). Increased CHH methylation levels and proportions were observed in r-CCC4, with substantial changes occurring in the repeat elements. Small RNA sequencing revealed 1135 specific small interfering RNA (siRNA) tags that were typically expressed in r-CCC, r-CCC2 and r-CCC4. Notably, 65% of these specific siRNAs were associated with repeat elements, termed RE siRNAs. Subsequent analysis revealed that the CHH methylation of RE siRNA-overlapping regions was mainly hypermethylation in r-CCC4, indicating that they were responsible for directing and maintaining grafting-induced CHH methylation. Moreover, the expression of 13 differentially methylated genes (DMGs) correlated with the phenotypic variation, showing differential expression levels between r-CCC4 and r-s-CCC4. These DMGs were predominantly CG hypermethylated, their methylation modifications corresponded to the transcription of relative methyltransferase.
INTRODUCTION
Grafting has been practiced for many centuries as an efficient technique for plant production and propagation. The purposes of grafting are varied, but the most common use is the clonal vegetative propagation of heterogenic trees that harbour desirable traits (Tsutsui and Notaguchi, 2017) . Grafting-induced changes in phenotype and genotype have been observed and confirmed in model plants and woody species (Frankel, 1956; Clearwater et al., 2004; Stegemann and Bock, 2009; Avramidou et al., 2015; Melnyk, 2017) . For example, Taller et al. (1998) grafted the point-type pepper (Capsicum annuum) cultivar 'Yatsubusa' (scion) onto the bell-type pepper cultivar 'Spanish Paprika' (stock) and observed many novel characteristics in the scion, including changes in fruit shape, pungency, fruiting habit and direction, plant type and fruit color. Interestingly, it was found that some of the novel characteristics were introduced to the progeny obtained from selfed seeds of the scion, as grafting-induced changes could be inherited during sexual propagation. Recently, Cao et al. (2016) reported that some epigenetic alterations in the sexual progeny of grafting chimera between Brassica juncea and B. oleracea could be stably transmitted to the fifth generation. Although many researchers have investigated the basis of grafting variation and inheritance (Pandey, 1976; Molnar et al., 2010; Tsaballa et al., 2013; Fuentes et al., 2014) , the intrinsic mechanisms are largely unknown, and so elucidating how alterations are maintained during cell propagation and regeneration is an important goal.
The nature of grafting involves a tight connection of different cells, leading to communication and interaction of adjacent cells. It has been predicated theoretically that there are two main mechanisms for grafting-induced variations. At first, grafting between different species or genetically distinct cells involves signal communication between heterologous cells at the stock and scion junction, presumably via intercellular plasmodesmata (Kollmann and Glockmann, 1991; Pina and Errea, 2012; Li et al., 2013) . Genetic material or macromolecules (e.g. specific proteins and RNAs) can spread locally from cell to cell for a short distance, or over long distances via the phloem (Kehr and Buhtz, 2008; Kim and Pai, 2009; Atkins et al., 2011) . Therefore, understanding intercellular communication and transmission of these materials is a key to investigating the genetic variation in grafting. For instance, grafting studies with transgenic tobacco lines demonstrated the exchange of genetic information via large DNA pieces or entire plastid genomes, whereas gene transfer was restricted to the contact zone between the scion and stock (Stegemann and Bock, 2009 ). However, this observation remains controversial due to lack of detailed molecular evidence for integral and heritable alterations.
In recent years, studies have shown that small RNAs (sRNAs), involving transgene-derived sRNAs and a substantial proportion of endogenous sRNAs, can move across the graft union, from shoot to root and vice versa. Martin et al. (2009) reported that potato (Solanum tuberosum) leaf miR172, under long day conditions, was transmissible through graft unions to stolons and promoted tuberization by regulating the mRNA levels of BEL5. In addition, artificially constructed small interfering RNAs (siRNAs) have been shown to induce systemic transcriptional gene silencing, with a long-distance movement between rootstock and scion (Bai et al., 2011; Zhang et al., 2014; Zhao and Song, 2014) . Compared with those sRNAs in homo-grafting, which are particularly used in genetic engineering, natural sRNA transfer between different species appears difficult to be transmitted to regenerated cells or be inherited by the next generation, without the corresponding DNA template.
The interactions between genotypically different cells may also provide a source of variation. Recent studies indicate that biotic and abiotic stress can both induce modifications in genomic methylation, especially in transposable elements (TEs) (Dowen et al., 2012; Holeski et al., 2012) . TEs constitute a substantial proportion of most plant genomes and are usually maintained in a repressed state by DNA methylation (Slotkin et al., 2009) . The activity of TEs can be modified via methylation or demethylation in response to profound perturbations in the cellular environment, which may lead to genomic instability and genetic variation (Chinnusamy and Zhu, 2009; Boyko and Kovalchuk, 2011) . Therefore, the interactions of adjacent but distinct cells in a grafting situation, for example, incompatibility (Parkinson et al., 1987) , may alter the balance between transposon activity and silencing. TEs have negative effect on the expression of proximal genes via a mechanism of spreading of DNA methylation through promoter regions (Ahmed et al., 2011) . Wang et al. (2013) reported that methylated TEs can suppress the expression of proximal genes in Arabidopsis thaliana regardless of whether they are inserted upstream or downstream of the coding region. However, there is no empirical evidence to support the idea that TEs are reverse-transcribed to produce cDNAs and be re-integrated into the new host genome, generating genetic changes (Wu et al., 2013) . Therefore, being able to maintain grafting-induced genetic or epigenetic variations in a non-grafted status would represent an important step in deciphering the inheritance of grafting variations.
Intriguingly, the transcription and transposition of a substantial proportion of TEs are extensively controlled by endogenous or exogenous siRNAs through an RNA-directed DNA methylation (RdDM) pathway (Xie et al., 2004; Kuhlmann et al., 2014; Marr e et al., 2016; Houri-Zeevi and Rechavi, 2017) . Furthermore, double-stranded RNA (dsRNA), the precursor of siRNA, can be derived from the complementary inverted terminal repeats in DNA transposons (Levin and Moran, 2011) . Grafting experiments in A. thaliana have shown that grafting-mobile sRNA loci are typical of genomic loci producing 24-nt sRNAs, and that the majority of these loci is associated with TEs and methylated DNA (Molnar et al., 2010 ). There appears to be a 'feedback loop' mechanism between the siRNAs and the methylation of TEs. However, the interplay between heterologous mobile or stimuli-triggered siRNAs and the methylation of TEs in the grafting process has not yet been systematically investigated. Lisch (2009) reported that the memory of epigenetic silencing on TEs can be maintained in plants through multiple rounds of cell division, even in the absence of the initial trigger. Therefore, we hypothesized that mobile siRNAs or stimuli-induced siRNAs could cause direct methylation modifications in recipient genomes during the grafting process, especially in repeat elements. Moreover, they might affect relative gene expression and be maintained by a feedback loop mechanism in the recipient cells.
To test this hypothesis, we regenerated the asexual progeny from C cell lineage of B. oleracea and B. juncea chimera TCC [arranged as layer 1 (LI, the outmost), layer 2 (LII, the middle) and layer 3 (LIII, the innermost) of the shoot apical meristem (SAM); 'T' and 'C' represent the cell lineage from tuber mustard and red cabbage, respectively. That is, layer 1 cells are from the tuber mustard, and layers 2 and 3 cells from the red cabbage]. We then established multiple generations of the asexual progeny. In the periclinal chimera, cells of the different species are in close contact with each other, permitting the communication of heterologous signals and genetic material between different cell layers. We reasoned that the T cells in the exogenous epidermis might impose effects on the inner C cells, and vice versa. To elucidate the genomic perturbation in the hetero-grafted progeny, focusing on the methylation modification and sRNA fluctuation, we screened and compared the global DNA methylation and the presence siRNAs in the asexual progeny and the corresponding parents. Furthermore, to elucidate the mechanisms of maintaining grafting-acquired variations during cell propagation and regeneration, we performed an association analysis between grafting-induced specific siRNAs and the methylation changes, predominantly in repeat elements with CHH sequences. In addition, we analyzed the maintenance of grafting-induced non-CHH methylation changes in the asexual progeny. The results of this study provide insight into the epigenetic basis of maintenance and inheritance of grafting-induced variations.
RESULTS

Induction and identification of adventitious shoots from chimera
Stem segments of TCC chimera without axillary buds (intermodal segments) were cut and cultured on Murashige and Skoog (1962) (MS) medium with different concentrations of cytokinin (6-benzylaminopurine, 6-BA). Adventitious shoots were induced from the stem base after approximately 2 weeks. We found that the frequency of formation of adventitious shoots increased with increasing concentrations of 6-BA. At relatively low concentration of 6-BA (0.2 mg L À1 ), segments produced separated and individual shoots ( Figure S1 ). In contrast, on MS medium with 0.8 mg L À1 6-BA, there were clustered adventitious shoots around the base wound, so 0.2 mg L À1 6-BA was used in this study for adventitious shoot induction. The regenerated adventitious shoots had a similar appearance to the parent red cabbage, with smooth purple leaves and no epidermal hair, which was distinct from the parent tuber mustard ( Figure 1a) . We identified the genetic background of the regenerants using PCR analysis with T or C specific primers. The atpA gene is located in the mitochondrial DNA of Brassica, and the different sizes of the atpA-derived fragments could be used to distinguish T (tuber mustard, 1050 bp) from C (red cabbage, 1500 bp) by PCR analysis using the same primer pair (Zhu et al., 2007) . As shown in Figure 1b , the PCR amplification products of atpA from r-s-CCC (r = regenerated, s = self-grafting) and the regenerants of TCC yielded bands of the same sizes; the regenerants were designated as r-CCC. The amplification bands of A and B nuclear genome specific Simple Sequence Repeat (SSR) markers (Shen et al., 2011; Vinu et al., 2013 ) and a B. juncea specific SSR marker (Uzunova and Ecke, 1999 ) from r-CCC were also consistent with the bands from r-s-CCC ( Figure S2) . Therefore, these results demonstrated that the stem base-induced adventitious shoots were derived from the C cell lineage of the TCC chimera, which is consistent with the findings that the shoots from nodal segment bases were originated from LII and/or LIII (Li, 2005; Zhu et al., 2007) . Intriguingly, the asexual progeny of TCC had a lower wax content compared with that of the corresponding red cabbage parent, even after several asexual generations (r-CCC4, n = generation) (Figures 1c and S3 ). We used r-s-CCC4 as a control to exclude possible effect of tissue culture. Considering that the phenotype of low leaf wax levels was observed in r-CCC to r-CCC4 only, but not in r-s-CCC4, we propose that this phenotypic variation was caused by the communication or interaction between the T cells and C cells of the periclinal chimera.
Comparison of the global DNA methylation profile of r-CCC4 and r-s-CCC4
Recent evidence has suggested that modifications of DNA methylation may be central to explaining grafting-induced variations (Avramidou et al., 2015; Kasai et al., 2016) . In this study, whole genome bisulfite sequencing (WGBS) was conducted to investigate the variation in the DNA methylomes of r-CCC4. The WGBS data were deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database (https://submit.ncb i.nlm.nih.gov/subs/sra/) under accession number SRP131599. In total, 240 000 000 clean reads (36.00 Gb) were obtained from each DNA methylation library. Of these, 77.64-78.93% of the clean reads could be aligned to the B. oleracea genome (ftp://ftp.ncbi.nlm.nih.gov/genome s/Brassica_oleracea/), and more than 64% of the clean reads were uniquely mapped (Table S1 ). We characterized the cytosine methylation levels for the whole chromosomes and for distinct genomic elements. Figure 2a shows that the methylation levels of the CG and CHH methylation increased in r-CCC4 relative to r-s-CCC4, leading to a higher total cytosine methylation level. Moreover, the number and proportion of methylated CHH cytosine were higher in r-CCC4 (Figure 2b ), consistent with de novo DNA methylation. After mapping the clean reads to multiple genomic regions, we observed increased CG and CHH methylation in the promoters, coding sequences (CDSs), and introns, consistent with the elevated total methylation level ( Figure 2c ). The most conspicuous change occurred for CHH methylation in the repeat elements (22.11% in r-CCC4 and 20.22% in r-s-CCC4) (Figure 2d ). In addition, as shown in Figure 2c , the levels of methylated CHG were slightly lower in the promoter regions and introns.
DNA methylation patterns in transcribed regions and repeat elements
We investigated the cytosine methylation patterns of transcribed regions in r-CCC4 and r-s-CCC4, and found that all four individuals showed similar patterns of CG and CHG methylation ( Figure 3 ). As recently reported for other plant species (Hu et al., 2015; Raza et al., 2017) , we found that the methylation level decreased sharply before the transcription start site, indicating that the promoter regions were normally hypermethylated compared with the transcribed regions (Figure 3a) . In contrast, relatively high levels of CG, CHG and CHH methylation were observed in the TEs compared with the flanking regions (Figure 3b ). Interestingly, r-CCC4, but not r-s-CCC4, showed higher CHH methylation levels in TEs, possibly accounting for the major difference between r-CCC4 and r-s-CCC4 (Figure 3b) .
In this study, differentially methylated regions (DMRs) were further investigated for methylation alteration of specific genome loci. They could be divided into two types: hypermethylated DMRs and hypomethylated DMRs. Genes that overlapped with DMRs in both their promoter and gene body regions were termed differentially methylated genes (DMGs) (Hu et al., 2013) . To characterize the functions of DMGs induced by hetero-grafting, we conducted a Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of DMGs. The enriched pathways (Table S2) included folate biosynthesis (ko00790), arginine biosynthesis (ko00220), and peroxisome (ko04146). Interestingly, we found 13 enriched DMGs associated with the cutin, suberin and wax biosynthesis (ko00073) pathway (Table S2 and Figure S4a ). The wax biosynthesis-related DMGs mainly showed increased CG methylation in r-CCC4 and there was a high correlation between each pair of the two replicates (Table 1) . These results may be associated with the observation that r-CCC4 showed lower wax layer compared with that of r-s-CCC4 ( Figure 1c) .
We next performed bisulfite sequencing validation of the genes LOC106335792, LOC106298662, LOC106311786 and LOC106333935, which had the most substantial methylation changes, for r-CCC, r-CCC2, r-CCC4, r-s-CCC, r-s-CCC2 and r-s-CCC4. As shown in Figures 4 and S5, LOC106335792, LOC106298662 and LOC106311786 were hypermethylated in the asexual progeny compared with the relative control, whereas gene LOC106333935 was hypomethylated, predominantly in CG sequences, demonstrating that the WGBS data were reliable. The methylation levels of four DMGs in r-CCC4 were also consistent with those in r-CCC2 and r-CCC (Figures 4a-d and S5). Moreover, correlating with the different methylation patterns, the selected genes showed differential expression between r-CCC4 and r-s-CCC4. Two genes, LOC106335792 and LOC106311786, showed significantly lower expression levels in r-CCC4. In contrast, the transcription of LOC106333935 increased in r-CCC4, showing an inverse correlation with the DNA methylation ( Figure 4e ). It has been reported that, in plants, CG methylation is maintained by DNA METHYLTRANSFERASES 1 (MET1), and CHROMO-METHYLASE 3 (CMT3) is required to maintain CHG methylation (Law and Jacobsen, 2010) . Recently, Zabet et al. (2017) have revealed that MET1 is also involved in the maintenance of the methylation of the external cytosine at CCG site; CCG is a type of CHG, where H = C. So, qRT-PCR analysis was carried out to investigate whether they were also responsible for maintaining grafting-induced CG and CHG modifications in methylation in r-CCC4. The results revealed that the MET1 transcript levels were significantly increased in r-CCC4 compared with those in r-s-CCC4, while CMT3 transcript abundance decreased ( Figure 5 ).
As TEs comprise a large proportion of many plant genomes and methylation of TEs may be associated with genomic stability, we matched the DMRs to the repeat elements of B. oleracea using RepeatMasker (http://www. repeatmasker.org/). TEs are mainly divided into three types: type I DNA transposons, which employ a 'cut and paste' strategy; type II retrotransposons, which transpose via an RNA intermediate; and Helitrons (Lisch, 2009 ). We found prominent changes in TE methylation, with many DMRs mapping to the DNA transposons and retrotransposons. As shown in Figure 6 , the four main repeat elements, LTR (long terminal repeat)/Copia, LTR/Gypsy, LINE (long interspersed nuclear element)/L1, and DNA/hAT, overlapped with the vast majority of DMRs, suggesting that the grafting process may have an important effect on the activity of these elements. Moreover, we found that the DMRs of the CHH type were those with the highest representation in type II retrotransposons ( Figure 6 ). We then asked how the variations in CHH methylation were induced during grafting, and how they can be maintained during asexual propagation.
Comparative sRNA profiling between the progeny and corresponding parents A recent study revealed that mobile sRNAs in intraspecific grafting involving an A. thaliana accession, from scion to stock, could regulate genome-wide DNA methylation in recipient cells (Lewsey et al., 2016) . To identify sRNA alterations caused by hetero-grafting, and to determine if they could direct the modifications in CHH DNA methylation, and whether they could be maintained during cell propagation, we performed high-throughput sRNA sequencing of r-CCC, r-CCC2, r-CCC4, and the corresponding r-s-TTT and r-s-CCC parents. The sRNA sequence data were deposited in the SRA database (https://submit.ncbi.nlm.nih. (2880845-2881039) in r-s-CCC, r-CCC, r-s-CCC2, r-CCC2, r-s-CCC4 and r-CCC4 (1-6), respectively. The dot plot shows only the cytosines as circles. Filled circles represent methylated cytosines and empty circles represent non-methylated cytosines, colored according to the type of cytosine. There were 10 positive clones for every primer pair for each pooled DNA sample. (e) qRT-PCR analysis showing differential expression of the four genes between r-s-CCC4 and r-CCC4. The experiments were performed using leaves of the 45-day-old plants grown in the greenhouse. Error bars indicate the SE of triplicate assays, and letters indicate significant differences [Student's t-test (n = 3)] between r-s-04 and r-CCC4. **P-value <0.01, and *P-value <0.05. [Colour figure can be viewed at wileyonline library.com] with r-s-CCC, the proportion of sRNAs that mapped to the repeat-genic region was higher in r-CCC and the subsequent asexual progeny r-CCC2 and r-CCC4 (Figure 7a ). Analysis of the sRNA length distribution revealed that 21-nt and 24-nt sRNAs were the most abundant classes in all individuals, and the proportion of 24-nt sRNAs was the largest in the progeny (Figure 7b) . We compared the siRNAs expression levels of the asexual progeny and the corresponding parents to characterize their potential role in the hetero-grafting process. The expression level was normalized by transcripts per million (TPM) and the Q-value ≤0.01 and absolute value of the log2 ratio fold change ≥1.0 were used as the threshold for statistically significant differences in siRNAs expression. We found that the majority of the differentially expressed siRNAs (5846 tags) showed substantially higher expression in r-CCC than in r-s-CCC. The number of significantly upregulated siRNAs gradually decreased in the subsequent generations (2640 in r-CCC2 and 2,615 in r-CCC4) compared with r-CCC ( Figure S6 ), indicating dynamic changes in siRNAs during cell propagation and regeneration. Of the significantly differentially expressed siRNAs, 2340 and 2293 unique siRNAs were found to be typically upregulated and downregulated, respectively, in the asexual progeny, compared with r-s-CCC ( Figure S7 and Table S4a ,b). Among the upregulated siRNAs, 1135 siRNA tags were specifically expressed in r-CCC, r-CCC2 and r-CCC4, but not in r-s-CCC ( Figure S7 and Table S5 ). Notably, 14% (159) of these specific siRNA tags were also found to be transcribed in r-s-TTT, as shown in Table S6 .
Association analysis of siRNAs and DNA methylation
To determine whether the changes in methylation correlated with the specific siRNAs that were expressed in the successive generations of r-CCC, we used BLAST (http://bla st.ncbi.nlm.nih.gov/Blast.cgi) analysis of the siRNAs with the CHH DMRs. We found that the DNA methylation in r-CCC4 mostly (83.80%) increased in CHH DMRs targeted by the specific siRNAs ( Figure 8a and Table S7 ). Moreover, siRNA clusters were observed in the overlapping regions (Table S7) , consistent with recent findings (Shen et al., 2012) . We observed that 65.02% of the specific siRNAs were associated with TEs and other repeat elements (Figure 8b) , termed RE siRNAs. These RE siRNAs were consistently expressed in r-CCC, r-CCC2 and r-CCC4, and most mapped to the LTR/Copia and LTR/Gypsy retrotransposon classes ( Figure 8c and Table S8 ). We propose that graftingmobile or triggered siRNAs may direct establishment of DNA methylation in the recipient cells genome, primarily in repeat elements. These siRNAs may be derived from homologous methylation loci and be maintained by a feedback loop mechanism. Our discovery of 53 specific RE siRNAs supports this hypothesis (Table 2 ). For example, siR11502 and siR12977 were found to be specifically expressed in r-CCC and the subsequent generations but not in r-s-CCC (Table S5 ). In addition, the CHH methylation levels of their targeted loci were higher in r-CCC4 than in r-s-CCC4 (Table 2) . Moreover, they were associated with LTR/Copia retrotransposons (Table 2 ) and showed constitutive expression over generations (Figure 8d ). These specific siRNA-targeted DMRs were mainly distributed in intergenic regions, with several located in protein-coding genes participating in metabolism, translation regulation and developmental programs (Table S9 ). 
DISCUSSION
Despite its long history and use in production and research, grafting-induced variation, particularly in distant-grafting systems, and its inheritance in progeny are not well understood. We previously investigated the exchange of heterologous sRNAs in grafting chimera , and the heritability and reversibility of grafting-induced DNA methylation changes in sexual progeny has also been reported (Cao et al., 2016) . The primary aims of this current study were to determine whether grafting-acquired changes in methylation are induced by changes in sRNAs profiles, and to establish how the epigenetic variations are maintained during cell propagation and regeneration.
Mobile sRNA communication has been demonstrated in scion-stock grafting for A. thaliana, as well as Nicotiana and Solanaceae species, and has been widely accepted as a key factor in grafting variation (Khaldun et al., 2016) . Previous studies have focused on the roles of microRNA (miRNA) due to their unequivocal function in regulating gene expression at the post-transcriptional level. However, it is difficult to explain the mechanism of inheritance of grafting-acquired variation induced by miRNA because the exogenous miRNA is progressively diluted during cell division, without a corresponding DNA template. In contrast, siRNA has been reported to cause gene silencing at the transcriptional level by DNA methylation, and the siRNA precursor could originate from their targeted methylation loci (Bologna and Voinnet, 2014; Melnyk, 2017) . Here, we focused on the changes in siRNAs profiles in the heterografting process and their effects on directing and maintaining methylation modifications during asexual propagation, during which cells undergo continuous division and regeneration.
Grafting-induced changes in global methylation in asexual progeny
There is growing evidence that epigenetic modifications, in addition to genetic changes, are sensitive and responsive to internal and external perturbations in cellular conditions (Chinnusamy and Zhu, 2009; Yong-Villalobos et al., 2015) . The interaction or communication between distinct cell lineages in grafting chimera systems represents a clear example of such a perturbation. Given the critical role of DNA methylation in regulating gene expression and silencing transposons, WGBS was used to test the methylation variation induced by hetero-grafting. To investigate whether grafting-acquired changes in methylation could be passed on to propagated and regenerated cells, we compared the DNA methylomes of the asexual progeny from the C cell lineage of the chimera TCC and its corresponding red cabbage parent. To avoid possible effect of tissue culture on methylation (Smulders et al., 1995) , both the red cabbage parent and tuber mustard parent underwent SAM self-grafting and regeneration. In the genome-wide profile, we observed that the total cytosine methylation level was higher in r-CCC4 relative to r-s-CCC4, which was true in the case of CG and CHH sequences (Figure 2a) , especially CHH methylation levels that were particularly larger in r-CCC4 (Figure 2b ). Our data indicate that hetero-grafting induced a general elevation in DNA methylation, especially of CHH sequences, which may be important for mitigating genome instability during grafting.
CHH methylation changes are mainly associated with TEs
Our analysis of the methylation levels of different genomic elements showed that CG and CHH cytosine methylation altered slightly in response to hetero-grafting, in the promoters, CDSs and introns, and a major change was observed in CHHs of the repeat elements (Figure 2c and d) . Further analysis of the methylation patterns confirmed that the levels of TE methylation containing CHH sequences were higher in r-CCC4 than in r-s-CCC4 (Figure 3) . It is known that DNA methylation in plants serves as a stable epigenetic mark predominantly occurring in transposons and other repetitive DNA elements Jacobsen, 2009, 2010) . Therefore, the TE methylation variations may reflect a profound perturbation in the intracellular environment induced by the interaction or communication between distinct cell lineages in the grafting chimera, and their maintenance through multiple rounds of cell division. As TE transcription and translocation activity cause genomic instability, they must be highly methylated and repressed to preserve genomic integrity (Teixeira and Colot, 2010; Shen et al., 2012) .
In our current study, we also analyzed the distribution of DMRs in different TE types and found that four main repeat elements, LTR/Copia, LTR/Gypsy, LINE/L1, and DNA/hAT, were enriched in the majority of DMRs (Figure 6 ). DMRs of the CHH type showed a close association with retrotransposon elements, consistent with the finding in A. thaliana that grafting-induced non-CG methylation changes were strongly associated with retro-element super-families (Lewsey et al., 2016) .
The maintenance of modifications in CHH methylation is associated with specific siRNAs during cell propagation Establishment and maintenance of asymmetric CHH methylation in cell division and reproduction is thought to be a continuous process that is dependent on the siRNA initiation mechanism, especially in repeat elements (Bond and Baulcombe, 2014) . We inferred that the increased CHH methylation might be regulated by grafting-induced mobile or triggered siRNAs through the RdDM pathway. The sRNA sequencing results revealed a large fluctuation in siRNAs: the expression levels of the majority of the siRNAs were higher in r-CCC than in r-s-CCC ( Figure S6 ). We found 159 siRNA tags that might be some of the mobile substances between the T and C cell layers, in r-s-TTT, r-CCC and the subsequent asexual progeny, with no transcriptional accumulation in r-s-CCC (Table S6) . Moreover, we observed many siRNA tags that showed specific expression in r-CCC, r-CCC2 and r-CCC4, and these were termed grafting-triggered siRNAs (Table S5 ). An association analysis of siRNAs and CHH sequence DMRs showed that the methylation levels of specific siRNA-overlapping regions were mostly higher (83.80%) in r-CCC4 (Figure 8a and Table S7 ), suggesting that the mobile or triggered siRNAs were responsible for the increased CHH methylation levels in r-CCC4.
Furthermore, an association analysis of siRNAs and repeat elements showed that the majority of specific siRNAs overlapped with TEs and other repeat elements, which we refer to as RE siRNAs (Figure 8b ). These RE siRNAs showed constitutive expression in the asexual progeny for at least four generations, implying that their precursor was derived from corresponding repeat elements. More importantly, the CHH DMRs overlapping with 53 specific RE siRNAs were hypermethylated in r-CCC4 compared with r-s-CCC4 (Table 2) , consistent with the RdDM feedback loop model proposed by Bond and Baulcombe (2014) . Our data suggest that grafting-induced specific RE siRNAs may contribute to maintaining the modifications in CHH methylation in the overlapping regions. Furthermore, we found that these siRNA-targeted DMRs were mainly located in intergenic regions, while others were in the protein-coding genes. For instance, DMG LOC106312920, annotated as the two-component response regulator-like APRR1 (Table S9) , a component of the circadian clock (Matsushika et al., 2000) , may affect the flowering response phenotype, and will be a target of future investigation. Here, we demonstrated that the transmission of grafting-induced epigenetic states of CHH methylation was associated with specific RE siRNAs, which might reinforce silencing of the repeat elements during cell propagation or between generations.
Maintenance of grafting-induced non-CHH methylation changes
Analysis of the DNA methylation landscape across the entire genome showed that the global CG methylation levels were slightly increased in r-CCC4, whereas the CHG methylation levels were relatively low in r-CCC4, compared with those of r-s-CCC4 (Figure 2) . Intriguingly, we found that 13 DMGs were associated with the cutin, suberin, and wax biosynthesis ( Figure S4 ), and most of these DMGs had higher CG methylation in r-CCC4, which was supported by our bisulfite sequencing of four DMGs with notable changes in methylation levels. Three of the DMGs showed enhanced methylation and one showed decreased methylation levels in r-CCC4, predominantly in CG methylation (Figure 4) . The relative expression levels of three selected genes showed an inverse correlation with their methylation levels. Among these, expression of LOC106335792 and LOC106311786 decreased significantly, and may account for the decreased wax content in r-CCC4 relative to that of r-s-CCC4. These data, together with our bisulfite sequencing, suggest that modifications in DNA methylation could be transmitted to the asexual progeny. How is the modification transmitted? In plants, in contrast with the asymmetric CHH methylation, maintenance of CG and CHG methylation is largely dependent on the methyltransferases MET1 and CMT3 (Saze et al., 2012) . Transcription analysis showed that MET1 expression was substantially higher in r-CCC4, which might contribute to the hypermethylation of the CG context. While maintenance of methylation of the external cytosine at CCG site always requires MET1, cytosine methylation at CAG and CTG sites is not affected by MET1 (Zabet et al., 2017) , which implies that MET1 is less efficient than CMT3 in CHG methylation maintenance. Thus, the decreased expression levels of CMT3 and increased expression levels of MET1 might be responsible for the slight reduction in CHG methylation ( Figure 5 ).
In conclusion, the epigenetic basis of maintaining grafting-induced changes during cell division and regeneration may help to elucidate and exploit the heritability of grafting variation.
EXPERIMENTAL PROCEDURES
Plant materials
The interspecific chimera was synthesized by micro-grafting of SAM between tuber mustard [Brassica juncea (L.) Czern.et Coss. var. tumida Tsen et Lee] and red cabbage (B. oleracea L. var. capitata L.) (Chen et al., 2006) , with a method as follows. First, 6-dayold seedlings of tuber mustard and red cabbage, as the grafting parents, were vertically half-cut, leaving partial SAM and one cotyledon of each seedling. The two half-cut SAM were both treated in 2 mg L À1 6-BA and 1 mg L À1 a-naphthylacetic acid (NAA) for 1 min, respectively. Then they were symmetrically fit together and bound with parafilm, and inserted into MS medium with 0.1 mg L À1 6-BA. Two weeks later, the united shoot tips were cut and transferred to MS medium containing 0.1 mg L À1 6-BA for adventitious shoot induction. Finally, the chimeral shoots were detected by observation of histological structure and identification of in situ hybridization . According to the cell layers structure of histogens in SAM, the parental tuber mustard was designated as TTT, while red cabbage was designated as CCC. A periclinal chimera TCC, consisting of LI from tuber mustard and LII and LIII from red cabbage, was used as a source plant in this study. The chimera was cultured on half-strength MS medium, and was propagated vegetatively through induction of axillary shoots in vitro, before rooting. The arrangement of cell layers in the SAM of periclinal chimera influence cell fates and organs origin (Marcotrigiano and Bernatzky, 1995) . In this study, the intermodal segments of TCC were used to induce adventitious shoots, as shown in Figures 1a and S1 . The adventitious shoots exhibited morphologies similar to the parental red cabbage, and showed red cabbage-specific molecular markers, were therefore designated as r-CCC. This result means these adventitious shoots were derived from the C cell lineage of TCC (LII and/or LIII) ( Figure S8 ). Axillary r-CCC shoots were induced to acquire asexual progeny of different generations (r-CCCn) in vitro ( Figure S3 ). To eliminate the effect of tissue culture, SAM self-grafted tuber mustard (grafting between tuber mustard and tuber mustard), and SAM selfgrafted red cabbage (grafting between red cabbage and red cabbage) were used as controls. The self-grafted and regenerated red cabbage and tuber mustard are referred to as r-s-CCCn and r-sTTTn, respectively. After all the shoots had reached 1.0 cm length, they were excised and transferred to half-strength MS medium for further growth. All of these materials were cultured at 25 AE 2°C under a 12 h photoperiod with 84 lmol m À2 sec À1 fluorescent light. The rooted shoots were transplanted to soil pots in a greenhouse for further morphological observation.
Wax staining and microscopy
To determine the variation in wax levels, the young leaves from rs-TTT4, r-s-CCC4, TCC and r-CCC4 at the stage of morphological observation (45 days grown in the greenhouse) were collected for free-hand sectioning. The leaf sections were stained with Oil Red O (saturated in 60% isopropanol) for 1 h (Yeats et al., 2012) . The staining was as described in Fukumoto and Fujimoto (2002) . Images were obtained using a Nikon ECLIPSE 90i microscope with a Plan Fluor 409/0.75 objective and a Nikon DS-Ri1 camera.
Molecular identification of r-CCC
At the 7-leaf stage, the r-CCC plants were PCR analyzed using the atpA gene marker (GenBank accession No. AY211266) and SSR markers. The specific primers ENA15, NA12A01, BRMS-042-2, EJU5, KBRH143F19 and ENA10 are from the AA genome (Shen et al., 2011) , Ni2-A07, Ni2-C01, Ni3-H07 are from the BB genome (Vinu et al., 2013) . MR181 is a specific marker for B. juncea, distinguished with B. oleracea (Uzunova and Ecke, 1999) . The primer sequences used to amplify the atpA gene were 5 0 -GCTGCTTACAG-GAGTTAGCC-3 0 (F), 5 0 -GTCCAATCGCTACATAGACA-3 0 (R). The PCR amplification reaction was as follows: an initial denaturation step at 94°C for 5 min; 30 cycles of 94°C for 1 min, 52°C for 1 min and 72°C for 1.5 min; followed by a final 10 min elongation at 72°C. The primer sequences of SSR markers are listed in Table S10 . The PCR amplification reaction conditions were follows: 94°C for 5 min; 30 cycles of 94°C for 1 min, 57-58°C for 30 sec and 72°C for 1 min; followed by a final elongation at 72°C for 10 min. The products were fractionated by 1.0% agarose gel electrophoresis.
WGBS library construction and Illumina sequencing
Total genomic DNA was extracted from the third and fourth fully expanded leaves of in vitro cultured r-CCC4 and r-s-CCC4 at the 7-leaf stage using the cetyltrimethylammonium bromide (CTAB) method (Murray and Thompson, 1980) . For both r-CCC4 and r-s-CCC4, three seedlings were pooled for each genomic DNA extraction and two independent biological replicates were used for high-throughput sequencing and subsequent methylation analyses. Four WGBS libraries were constructed: r-s-CCC4-1, r-s-CCC4-2, r-CCC4-1 and r-CCC4-2. The genomic DNA was randomly fragmented into approximately 250 bp pieces by sonication using a Bioruptor (Diagenode, Belgium), followed by DNA-end repairing, 3 0 -dA overhang, and Illumina sequencing primer adaptor ligation. The adaptor-ligated DNA was bisulfite converted using an EZ DNA Methylation Gold kit (Zymo Research, Orange Country, USA), according to the manufacturer's instruction. The ligation products were run on a 2% TAE agarose gel and the~250 bp DNA fragments were purified using a QIAquick Gel Extraction kit (Qiagen, Hilden, Germany). PCR amplification was conducted using the DNA with high-quality and the products were sequenced using the HighSeq 4000 system according to the manufacturer's instructions (Illumina, BGI, Shenzhen, China).
Bioinformatics analysis
Sequencing data were obtained after data filtering, including removal of adaptor sequences, contamination and low-quality reads from the raw reads. The remaining cleaned reads were mapped to the reference genome (ftp://ftp.ncbi.nlm.nih.gov/ge nomes/Brassica_oleracea/) using the Bisulfite Sequence MAPping program (BSMAP) (Xi and Li, 2009 ). The mapping ratio and bisulfite conversion ratio of each individual was calculated. The methylation level was determined by dividing the number of reads covering each methylated cytosine (mC) by the total number of reads covering that cytosine, equalling the mC/C ratio at each reference cytosine. The degree of difference in the methylation level of each mC between two individuals was calculated using the following formula: degree of difference = log 2 Rm1/log 2 Rm2 (Rm1 and Rm2 represent the methylation level of mC in each individual). We calculated fractional methylation in each cytosine context and the mean difference signal for each CpG according to METILENE (J€ uhling et al., 2016) . Differentially methylated regions (DMRs) were defined as regions where the difference in DNA methylation in a specific context was at least 10% (P-value of the Fisher test and fold change of the methylation level were ≤0.05 and ≥2, respectively) within two groups. The potential DMRs in pairwise comparisons of two individuals were tested using sliding windows that contained at least five CpG sites with a two-fold change in methylation levels and P-value ≤0.05. Two nearby DMRs would be joined into one continuous DMR when the genomic region from the start of an upstream DMR to the end of a downstream DMR also conforms to the filtering criteria of DMR (Li et al., 2010) . In this study, genes that overlapped with DMRs were termed DMGs. KEGG pathway enrichment analysis was conducted on the DMGs to identify the significantly enriched metabolic pathways or signal transduction pathways (http://www.genome.jp/kegg/) (Kanehisa et al., 2008) . The calculation formula for the KEGG analysis was as follows:
where N is the number of all genes with KEGG annotations; n is the number of DMR-related genes in N; M is the number of all genes annotated to specific pathways; and m is the number of DMR-related genes in M. The Q-value is defined as the false discovery rate (FDR) analog of the P-value. Q-value ≤0.05 was used as the threshold to determine significantly enriched pathways.
Bisulfite sequencing validation
To validate the reliability of the WGBS data, the same DNA material (r-CCC to r-CCC4, and r-s-CCC to r-s-CCC4) was used to conduct bisulfite sequencing polymerase chain reaction. First, 500 ng DNA was treated with sodium bisulfite using an EZ DNA Methylation Gold kit according to the manufacturer's instructions (Zymo Research, Orange Country, USA). The bisulfite-treated DNA was then PCR amplified with each pair of primers at the following program: 5 min at 95°C, 35 cycles of denaturation for 30 sec at 95°C, 52-56°C (modified according to primer pair and listed in Table S10 ) for 30 sec and 72°C for 30 sec, with a final extension at 72°C for 10 min. The primers for the selected genes were designed using MethPrimer online software (http://www.urogene. org/methprimer) and are shown in Table S10 . The PCR products were then gel purified using the Wizard â SV Gel and PCR CleanUp System (Promega, Madison, WI, USA). The purified fragments were cloned into the pMD18-T vector (Takara, Dalian, China) and more than 10 positive clones of each product were randomly selected for sequencing (Sunny, Shanghai, China). The final bisulfite sequencing results were analyzed using the Kismeth website (http://Katahdin.mssm.edu/Kismeth) (Gruntman et al., 2008) .
Small RNA sequencing and bioinformatic analysis
Small RNA high-throughput sequencing was performed for the third and fourth fully expanded leaves of the asexual progeny and the corresponding parents. Ten small RNA libraries were constructed: r-s-CCC-1, r-s-CCC-2; r-s-TTT-1, r-s-TTT-2; r-CCC-1, r-CCC-2; r-CCC2-1, r-CCC2-2; r-CCC4-1, r-CCC4-2 (two biological replicates per sample combined from three plants each). After extracting the total RNA using the Trizol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions, the low-molecular-weight RNAs were isolated by polyacrylamide gel electrophoresis (PAGE). The 18-30 nucleotide fragments were purified and ligated with proprietary adaptors to the 5 0 and 3 0 termini and converted to cDNA by reverse transcription PCR. The quality and quantity of cDNA libraries was tested using an Agilent 2100 Bioanalyzer and ABI StepOne-Plus Real-Time PCR system. Each library was sequenced using the BGISEQ-500RS platform (Illumina, BGI, Shenzhen, China) (Mak et al., 2017) . The adaptor sequences, contaminants and low-quality reads were filtered out, leaving the sRNA tags. Total sRNA tags were identified by BLAST analysis of the miRBase, GenBank, Rfam and Exon/Intron databases (Saxonov et al., 2000; Meyers et al., 2008; Benson et al., 2013; Nawrocki et al., 2015) . The siRNAs were predicted using the tag2siRNA software (Cao et al., 2016) and mapped to the DMGs via BLAST analysis of the NCBI database (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The siRNA expression levels were normalized by the TPM value using the following formula: TPM = R1*1e6/total mapped reads (R1 represents the counts of a siRNA). The siRNA expression differences were calculated using DEGseq, an R package used to identify differentially expressed genes (Wang et al., 2010) . The filtering criteria of significantly differentially expressed siRNAs for fold change and Q-value were ≥1 and ≤0.01, respectively.
Quantitative real-time PCR analysis
For validation and identification of wax-related genes and analyzing transcription levels of DNA methyltransferases, quantitative PCR analysis of mRNA expression was performed, with the total RNA extracted from each individual using the Trizol method (Invitrogen, Carlsbad, CA). The first-strand cDNAs were synthesized from 2 lg total RNA using the Reverse Transcriptase M-MLV kit (Takara, Dalian, China). The real-time PCR was performed using a standard SYBR â Premix Ex Taq TM (TaKaRa) and on the ABI STE-PONE Real-Time PCR System. The primers used for quantitative real-time PCR are listed in Table S10 . Relative quantitation of the transcript levels was calculated using the C T (2 ÀMMC T ) method (Livak and Schmittqen, 2001) . Actin 2 (LOC106295461) was used as endogenous reference. The real-time PCR reactions were performed in triplicate for each sample. 
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